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Abstract
We present in this paper the changes in the room temperature magnetic property of ZnO on Mn
doping prepared using solvo-thermal process. The zero field cooled (ZFC) and field cooled (FC)
magnetisation of undoped ZnO showed bifurcation and magnetic hysteresis at room temperature.
Upon Mn doping the magnetic hysteresis at room temperature and the bifurcation in ZFC-FC
magnetization vanishes. The results seem to indicate that undoped ZnO is ferromagnetic while on
the other hand the Mn doped ZnO is not a ferromagnetic system. We observe that on addition of
Mn atoms the system shows antiferromagnetism with very giant magnetic moments.
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I. INTRODUCTION
Recently ferromagnetism has been observed in several undoped wide band gap semicon-
ductors such as ZnO, HfO2, SnO2, In2O3, Al2O3, CeO2 Ga2O3 etc.
1,2,3,4,5,6,7,8,9,10,11,12. The
observation of ferromagnetism in nonmagnetic metal oxides which are generally supposed
to show diamagnetism puzzled us and made us wonder as to what is the origin of forma-
tion of moments in these systems. It was conjectured that clustering of oxygen defects in
ZnO1 and needle like-formation of oxygen O(3) vacancies12 in Ga2O3 are responsible for the
formation of the moments. But it is still not very clear why and how these moments collec-
tively forms ferromagnetic ordering. If some sort of organization of the oxygen vacancies in
these system via double exchange or super exchange can give rise to ferromagnetism13 then
there is another puzzle: What is then the role of the transition metal (TM) dopant which is
generally an important component in making dilute magnetic semiconductor (DMS) from
these type of wide band gap oxide systems? Some interesting observation reported earlier
are: (1) The total magnetisation observed in Mn doped ZnO reported were sometime as low
as 5x10−3 emu/gm14,16,17 but similar values are also observed for undoped ZnO samples1.
(2) If the Mn doped ZnO sample is annealed in air then the net magnetisation of the sam-
ple decreases and if annealed in inert atmosphere then the magnetisation of the sample
increases18,19. This clearly indicates that annealing the oxides in the presence or absence of
oxygen modifies the magnetic property of the material. (3) The controversy still remains
whether doping of ZnO with Mn makes the system ferromagnetic. Some reports claim no
evidence of ferromagnetism and have rather reasoned it out to be antiferromagnetic near
room temperature20,21,22,23. The nature of magnetic ordering is still to be confirmed in Mn
doped ZnO and other similar types of TM doped metal oxide materials. In this paper we
have systematically carried out magnetic measurement for undoped ZnO and as a function
of Mn doping, with the main interest to investigate the role of Mn in ZnO in modifying the
magnetic property.
II. EXPERIMENTAL DETAILS
For the present investigation the undoped and Mn doped ZnO samples were prepared
using solvo-thermal process. The details of the sample preparation and its structural and
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chemical characterizations are presented elsewhere24. We prepared two sets of samples with
each set containing four samples ie., undoped ZnO (with no manganese) and 1 mole%, 2
mole% and 3 mole% of Mn doped in ZnO (henceforth we shall refer to these as 1%, 2%
and 3% respectively). These set of samples were annealed at 500oC and 900oC for 1 hour to
remove the organic contaminations. The Mn doped samples annealed at 500oC will be called
’Set A’ and the Mn doped samples annealed at 900oC will be called ’Set B’. Fig. 1 shows the
x-ray patterns of the 3 mole% (highest doping) Mn doped samples annealed at 500oC and
900oC. The 500oC sample shows no obvious extra peaks, whereas the 900oC sample shows
a few extra peaks. The FTIR spectrum of the Mn doped ZnO samples shows (Zn,Mn)-O
stretching mode24 below 500 cm−1. The band-gap obtained from the optical transmittance
(UV-VIS-NIR measurements) decreases as the Mn concentration of ZnO increases24. These
two results indicate the experimental evidence of Mn doping in ZnO and also indicates that
Mn has substituted Zn in the lattice. The magnetic property of the samples were measured
using MPMS-7 (Quantum Design). For the zero field cooled (ZFC) data, the sample was
cooled down to 2K in the absence of magnetic field and the data was taken while warming
up upto 300K in the presence of 100 Oe field. The field cooled data (FC) was taken while
warming the sample after cooling it to 2K in the presence of the 100 Oe field. We shall
present the hysteresis data taken at 300K with field of upto 2000 Oe for undoped ZnO
sample and upto 7 Tesla for Mn doped ZnO samples.
III. RESULTS
In fig. 2 we show the (M vs. H) hysteresis curves measured at 300K upto 2000 Oe for
the undoped ZnO samples annealed at 500oC and 900oC after the necessary diamagnetic
subtraction. We observe clear hysteresis and magnetization saturation at 300K for both
the samples. For the 900oC annealed sample, the saturation magnetisation is higher than
that of the 500oC annealed undoped ZnO sample. The insets of fig. 2 shows the ZFC and
FC magnetisation curve taken at 100 Oe for the 500oC and 900oC annealed samples. The
distinct bifurcation of the ZFC and FC starts well above the room temperature i.e., 340K
similar to the result reported recently in undoped ZnO sample synthesised using micellar
method1.
In fig. 3(a) we show the ZFC and FC magnetisation curve taken at 100 Oe for the Mn
3
doped ZnO samples (Set A) annealed at 500oC. The distinct bifurcation of the ZFC and
FC around room temperature can only be seen for the 1% Mn doped sample and as the
percentage of the Mn increases i.e., 3% Mn doped, the distinct bifurcation of the ZFC and
FC is seen only around 40K (see inset of fig. 3(a)) and beyond this temperature both the
ZFC and FC curve almost overlap each other. For 2% Mn doped no distinct bifurcation
of the ZFC and FC is seen. In fig. 4(a) we show the M vs. H curve at 300K for all
the doped samples annealed at 500oC. From the 300K M vs. H curve (fig. 4(a)) we see
almost a linear M vs. H curve except at very low fields where we observe non-linearity. We
observe no hysteresis at 300K for all the samples unlike the undoped ZnO sample annealed at
500oC. The non-linearity behaviour is more for the doping concentration of 1% Mn than the
higher doped samples. This indicates that for the lower concentration of Mn doped sample
(i.e.,1% Mn doped) we still see the remanescent of the magnetic nature of the undoped
ZnO sample but on increasing the doping concentration, this magnetic remanescent gets
diminished even though the net magnetisation of the samples increases due to the strong
paramagnetic contribution due to Mn doping. Thus for 1% Mn doping we see bifurcation
of ZFC and FC above room temperature due to the presence of remanescent magnetism of
undoped ZnO.
In fig. 3(b) we show the ZFC and FC magnetisation curve taken at 100 Oe for the Mn
doped ZnO samples annealed at 900oC (Set B). For this set we see the distinct bifurcation
of the ZFC and FC around 35 K for all the samples (i.e., 1%, 2% and 3% Mn in ZnO)
and beyond this temperature both the ZFC and FC curve almost falls on each other. A
peculiar behaviour i.e., appearance of shoulder around 35K in both the ZFC and FC curves
for the 900oC annealed Mn doped ZnO samples is to be noted. This shoulder has earlier
been observed in Mn doped ZnO systems22,25,26. We also performed M vs. H measurement
at 300K for all the doped samples and this is shown in the fig 4(b). The 300K curves show no
hysteresis. From the M vs. H curve at 300K (fig. 4(b)) we see perfect linear M vs. H curve
even down to very low fields (see the inset). The linear M vs. H curves indicate that the
samples appeares to show perfect paramagnetism around room temperature. This reveals
that on doping ZnO with Mn the room temperature magnetic hysteresis of the ZnO gets
quenched completely as a function of Mn concentration. In the next section we shall try to
understand the exact magnetic nature of the Mn doped samples using a phenomenological
approach.
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IV. ANALYSIS AND DISCUSSION
For the analysis of our data we have plotted in fig. 5 the inverse magnetic susceptibility
(1/χ) as a function of temperature for T > 50K (i.e., well above the bifurcation tempera-
ture) obtained from the magnetization vs temperature data for both the set of samples (ie.,
500oC and the 900oC annealed) except the 1 mole% Mn 500oC annealed sample because the
sample still shows the ferromagnetic remnescence of the pure ZnO samples as mentioned
earlier. At high temperatures we observe that the inverse of susceptibility depends linearly
on temperature with a negative intercept for all the samples shown in fig. 5. The negative
intercept in the temperture is a signature of antiferromagnetic coupling in the samples. At
lower temperatures the inverse susceptibity deviates from its linear nature and approaches
zero as the temperature (T) tends to zero which can happen only if there is a paramagnetic
moments also in the samples. Using a phenomenological approach we can express the sus-
ceptibility as a sum of a Curie (paramagnetic-like) and Curie-Weiss (antiferromagnetic-like)
terms i.e.,
χ = C[
f
T
+
(1− f)
T + θ
] (1)
where,
C =
Ng2µ2
B
S(S + 1)
3kB
(2)
where, N is number of Mn atoms/gram, g = 2.0, µB = 9.27 × 10
−21 ergs/Oerstead, and
kB = 1.38 × 10
−16 ergs/Kelvin and f is fraction of Mn atoms that do not have any near
neighbour Mn atom, i.e they are paramagnetic. We have fitted the inverse of susceptibility
using the above expression as a function of temperature with f , C and θ as the fit parameters.
From the fit parameter C we could extract S(S + 1) as shown in table I.
The nearest neighbour Mn-Mn exchange constant J is related to Curie-Weiss temperature
θ by27
J
kB
=
3
2
θ
zS(S + 1)x
(3)
where, zx is the average number of nearest neighbour of Mn atoms around any given Mn
site for x mole fraction of the Mn and z = 12 is the number of nearest neighbour for the
wurtzite lattice. The obtained value of J
kB
, θ and S are shown in table I.
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For the 500oC annealed samples (Set A) we observe a lower paramagnetic fraction than
the 900oC annealed samples (Set B). For the set A samples the paramagnetic fraction f
does not change much while going from x = 0.02 to 0.03. The spin value and the Curie-
Weiss temperature are much larger for samples of Set A than that of Set B. For samples
of Set B we see a decrease in the paramagnetic fraction with increase in x and the Curie
constant C does not scale proportionally with x. The θ value increases with x but not
linearly proportional to x as proposed by Spalek et. al.27. The spin values of the elementary
moments varies from 6.67 to 11.8. These are very large compared to S = 5/2 for Mn2+
ions. Using the large spin values extracted from the Curie constant, the near neighbour
average exchange coupling J/kB between the Mn ions is between 30K to 100K (see Table I).
Thus we observe that in our method of sample preparation: (1) There always exist a small
paramagnetic fraction of the Mn spins (varying from 5% to 20% of the total Mn spins). This
small paramagnetic fraction is responsible for the deviation from linearity of 1/χ at lower
temperatures. (2) The dominant interaction between the Mn spins is antiferromagnetic as
obtained from the θ value. (3) The spin values S extracted from the experimental data is
always much larger than the expected theoretical values. The spin values seem to depend on
the annealing conditions, for example samples annealed at lower temperature (Set A) shows
larger S and θ values than samples of Set B. (4) Even though the Curie-Weiss temperature
obtained for these samples are very large we do not observe any spin ordering at any finite
temperature. These large values of θ were also noted by many previous investigators20,28.
The large θ values indicate that either the J value is large or the spin moment S is large.
Since we do not observe any spin ordering at any finite temperature we can conclude that
the large θ value is due to large S only. The most interesting question is why do we obtain
such large S values. We would like to point out here that this large value of S has also been
observed by others in the DMS systems29,30,31,32. One possible way for formation of large
moments is by clustering of Mn atoms. There are indications from theoretical calculation
that transition metal atoms form clusters when doped in high band gap semiconductors33.
Since clustering is an activated process one would expect clustering of Mn atoms in higher
temperature annealed samples. In contrary, we get larger spin values (from Curie constant
C) for the lower temperature annealed sample (set A).
In the following we shall try to understand the strange ferromagnetism in undoped ZnO
and the destruction of this ferromagnetism and the appearance of antiferromagnetism upon
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Mn doping. We shall also try to understand the strong dependence of the ferromagnetic
moments in undoped ZnO and unusually large spin values of the Mn doped ZnO samples
on annealing temperatures.
First of all the most puzzling question is why does undoped transition metal oxide shows
magnetisation hysteresis which has been attributed by various authors to ferromagnetism.
Recently1 we have argued that even if a single isolated oxygen neutral vacancy cannot have
a moment, a cluster of such vacancies is likely to develop a net moment. When these clusters
interact with each other either directly or indirectly through isolated oxygen vacancies having
paramagnetic moments one can observe some magnetic ordering which can show its signature
as magnetic hysteresis. At a higher annealing temperature larger oxygen vacancy clusters
can form by the coalescence of smaller clusters. The increase in saturation magnetization
observed for the 900oC can be attributed to formation of larger oxygen vacancy clusters.
From the analysis of the susceptibility data of the doped samples it is clear that even-
though there is no magnetic ordering the system is dominated by antiferromagnetic inter-
actions. The most important observation from our ananlysis of susceptibiltiy data is the
appearance of large spin values (large C and θ). This was observed to be very systematic.
We also observe that the spin values decrease with increasing annealing temperature. This
can happen if the oxygen vacancies as well as the Mn moments are distributed more homo-
geneously in samples of set A than in set B. The singly charged oxygen vacancy site electron
can couple antiferromagnetically with near neighbours Mn ions. This entity could be like a
bound magnetic polaron with a large moment centered around the oxygen vacancy site32.
The system thus can be thought of as a collection of large moment polarons. This explains
the large spin values deduced from the Curie constant. These magnetic polarons interact
antiferromagnetically among themselves. The samples of set B have lesser number of such
magnetic polarons because many of the oxygen vacancies can form vacancy clusters upon
high temperature annealing and hence the magnetic polarons are more well seperated than
in samples of set A. The samples of Set A will have a higher density of the singly charged
oxygen vacancies than samples of set B where the oxygen vacancies form clusters. Because
of the high densiity in set A, the magnetic polaron formed will be in closer proximity thus
causing a overlap of the polarons, resulting in a bigger magnetic polaron entity with a larger
spin moment32. These also interact antiferromagnetically but with a larger moment. Sim-
ilar large moment was observed in Co doped ZnO and also has been attributed to bound
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magnetic polarons32.
V. CONCLUSION
In conclusion, we observed ferromagnetic behaviour of undoped ZnO sample prepared by
solvo-thermal (sol-gel) technique. Upon Mn doping we observe quenching of ferromagnetic
hysteresis and the magnetisation varies linearly with field (in most cases) but the inverse
susceptibility data does not follow a linear dependence on temperature. To fit the inverse
susceptibility data we considered antiferromagnetic interaction as an additive term to the
paramagnetic contribution. From the inverse susceptibiltiy data we observe large Curie
constant values and also giant magnetic moments in Mn doped ZnO samples. The giant
magnetic moments were attributed due to the formation of bound magnetic polaron rather
than clustering of Mn atoms as suggested by other theoretical studies in these type of
systems. These magnetic polarons interact antiferromagnetically among themselves giving
rise to the weak antiferromagnetic contribution to the susceptibility.
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Sample f(Paramagnetic fraction) Curie Constant C S(S+1) θ J/kB(degree Kelvin) S
25 0.0562 0.0335 268.0 1825.0 43 15.8
35 0.0539 0.0366 195.0 1827.0 39 13.47
19 0.21 0.0032 51.2 410.0 100.0 6.67
29 0.088 0.0092 73.6 814.0 69 8.09
39 0.12 0.0288 153.0 660.0 28 11.8
Table 1: Parameters obtained by fitting the inverse susceptibility using eq. (1)- (3).
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Figure Captions
Figure 1 XRD pattern of the 3 mole % samples annealed at 500oC and 900oC. The phase
marked as * could be identified as Zn2MnO4
15 and # as Mn2O3
14 in the 900oC annealed
sample. The phase marked as ’x’ could not be identified.
Figure 2 Magnetisation (M) versus magnetic field (H) curves for undoped ZnO sample
annealed at 500oC and 900oC. Inset: ZFC and FC magnetisation curves of the (a) 500oC
annealed sample taken at 100 Oe field and (b) 900oC annealed sample taken at 100 Oe field.
Figure 3 ZFC and FC magnetisation curves of the Mn doped (a) 500oC and (b) 900oC
annealed samples taken at 100 Oe field The insets show the expanded region and the bifur-
cation between the ZFC and FC is indicated by an arrow.
Figure 4 Magnetisation (M) versus magnetic field (H) curves for 1%, 2% and 3% of Mn
doping in ZnO sample annealed at (a) 500oC and (b) 900oC measured at T = 300K upto a
magnetic field of 7 Tesla. Insets show the expanded low field region of the respective M vs
H curves.
Figure 5 Inverse magnetic susceptibility (1/χ) as a function of temperature for T > 50K
(i.e., well above the bifurcation temperature) obtained from the magnetization vs tempera-
ture data (fig. 4) for both the set of samples (a) 500oC and (b) 900oC annealed
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